I. INTRODUCTION
It has been theoretically suggested that pure 2D lattices could not survive at any finite temperature owing to thermal fluctuations. 1 The successful preparation of graphene is thus a breakthrough and directly challenges this theory, resulting in a subsequent research focus in condensed matter physics. 2, 3 At the same time, this finding attracts fundamental scientific interest, 4 as it holds promising for applications in spintronics where the propagation direction of electrons is robustly linked to their spin orientation. [5] [6] [7] The possibility of those nanoscale spintronic devices built around the spinpolarized states at edges of d-free layered materials requires a long-range magnetic ordering at finite temperature. 8 However, a predicted magnetic ordering length of about 1 nm is not strong enough to manipulate the electron spin in these graphene-related spintronic devices. 9 From this perspective, great efforts have been devoted to search for other alternative materials. Hexagonal boron nitride (h-BN) is likely to be a potential candidate as the intrinsic nitrogen vacancy can induce a surprising long-range magnetic interaction. 10 In particular, h-BN is well suited for integration with graphene as their lattice constants mismatch is less than 2%. 11 Most importantly, h-BN is a wide-gap semiconductor, which is transferred more easily to the semiconducting field. 12 Although monolayer h-BN has been studied for about two decades, 13 the multilayer forms have advantages for applications. Many growth techniques that are most likely to a) Electronic addresses: gaodq@lzu.edu.cn and xueds@lzu.edu.cn scale up to device production naturally produce few-layer h-BN. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] As expected, many unusual properties of fewlayer h-BN should be well understood. But, this is not the case for the intrinsic magnetism of few-layer h-BN. This is because only s or p electrons contributing to the magnetic signal in layered h-BN directly challenges the conventional condensed magnetic phases of 3d or 4f transition metals. At present, a number of factors are thought to possibly give rise to the magnetic state in h-BN systems: defects in the atomic network, [24] [25] [26] [27] [28] [29] ferromagnetic substrates induced magnetism, [30] [31] [32] and bared edge localized states. [33] [34] [35] Among these factors the defect-mediated mechanism appears to be a difficult one because negatively curved regions can hardly be found in layered h-BN, which is not the focus of this paper. At the same time, the ferromagnetic substrate is an alternative approach to induce magnetism in h-BN. But this is not our case in this work. As for the third scenario, although localized magnetism resulting from strong electronelectron interactions 36 can give rise to ferromagnetic and antiferromagnetic couplings respectively at the N-and Bzigzag edges. 33 Unfortunately, direct experimental evidence supporting such unusual magnetism in layered h-BN is still lacking.
In this work, we confirm the ferromagnetism as an intrinsic property of h-BN nonasheets in experiment for the first time. In addition, we further explicitly show that this ferromagnetic coupling stems from the spin-polarized edges by performing ab initio calculations. Theoretical simulations illustrate that only N atoms undeformed at the zigzag edges result in a strong ferromagnetic coupling. Atomic distortions appear at the armchair edges, where the original hexagonal rings are changed into the deformed pentagonal ones. These predicted ferromagnetic ordering and the distorted pentagonal rings at the armchair edges in h-BN nanosheets coincide with our experimental observations. Most importantly, a high Curie temperature well above room temperature is obtained, consistent with the prediction of Heisenberg model Hamiltonian. It is believed that our systematical work on the h-BN nanosheets may open new perspective for next-generation spintronic devices.
In the rest of this paper, we give a brief explanation of methods in Sec. II. In Sec. III, we present the results and discussion. Section IV is devoted to conclusions.
II. METHODS
In experiment, few-layer h-BN nanosheets were exfoliated from its bulk through using a mechanical cleavage approach. The detailed preparation processes are as follows: first, a sonicate method was used to disperse 1 g of BN bulk in 100 mL N,N-Dimethylformamide (DMF) for 10 h. After precipitation, the white dispersion was centrifuged at 2000 rpm for about 20 min to remove the residual large-size powders. Second, the remainder solution was centrifuged at 10 000 rpm for 1 h to obtain the products. To remove the excess surfactant, the samples were repeatedly washed with ethanol and centrifuged. Finally, the samples were dried at 60
• C in vacuum condition. It is noted that the powders of sample were taken for the magnetization measurements.
Our ab initio calculations are based on DFT using the SIESTA code. 37 The generalized gradient approximation Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 38 and norm-conserving pseudopotentials are used. The planewave energy cutoff is set to be 400 Ry to ensure the convergence of the calculations. The 1×1×1 for the Monkhorst-Pack k-point mesh is used in the calculation. The conjugate gradient algorithm is adopted to fully relax the geometry until the force on any individual atom is less than 0.02 eV/Å. The optimized double-ζ orbitals including polarization orbitals are employed to describe the valence electrons. The Gaussian smearing method is taken in the calculation of density of states (DOS). As a check, we optimize the lattice constant for the monolayer infinite h-BN sheet. The obtained value of 2.511 Å, in a good agreement with the previous theoretical value of 2.511 Å. 39 In addition, we calculate the corresponding formation energy as 
III. RESULTS AND DISCUSSION
A careful caution must be taken into account when one studies the intrinsic ferromagnetism in those d-free materials. 41 It should explicitly exclude the introduction of any magnetic impurity at the first place. Thus, a typical mechanical cleavage approach 2 combined with the sonication technology 19 is used to synthesize the desired h-BN nanosheets (also see the experimental method). The ultrahigh pure h-BN crystals are taken as sources in the preparation process, which leaves little room for ambiguity about the introduction of magnetic impurity. We begin with the magnetization measurements, which are performed using a SQUID magnetometry. Figure 1(a) plots the M-H curves for nine different temperatures T from 2 to 300 K. It clearly shows that h-BN nanosheets exhibit a strong temperature-dependent paramagnetism, originating from the low concentration of individual vacancies introduced near the edges. This paramagnetic feature can be well fitted by the standard Brillouin function and decreases quickly as T increases. In our prepared h-BN nanosheets, such a paramagnetism is negligible above T = 50 K. This provides an opportunity to investigate the room ferromagnetism as one can dismiss this involved paramagnetic signal above T = 50 K.
It is known that the pristine h-BN crystal is a typical diamagnetic material, which is confirmed in our experiments by measuring its corresponding bulk magnetization curve (not shown for brevity). In our samples, we also observe this temperature-independent diamagnetic signal where the magnetization is inversely proportional to the applied magnetic field. The measured diamagnetic signal stems from the internal perfect hexagonal structure or the bulk's effect. Thus, we can thoroughly eliminate it out of the measured temperaturedependent magnetism. As pointed out above, the paramag-netism only occurs below T = 50 K. Therefore, the room temperature ferromagnetism of h-BN nanosheets can be extracted by only subtracting the diamagnetic contribution at room temperature. In Fig. 1(b) , the magnetization loop after subtraction of diamagnetic signal at T = 300 K is displayed. It explicitly shows that an indication of ferromagnetic ordering, similar to that reported in graphene-related materials. 42 The obtained saturation magnetization M S is about 0.008 emu/g at H = 3000 Oe, which is quite larger than the value in graphene. 42 The corresponding remanence magnetization is ∼0.001 emu/g and the coercivity field is around 114 Oe at room temperature (see the inset in Fig. 1(b) ).
As temperature decreases, an enhanced ferromagnetic signal is observed. The saturation magnetization is close to 0.01 emu/g at temperature T = 10 K (see the squares in Fig. 1(b) ). As a solid check, hysteresis loops were also measured in a wide temperature range 2-400 K. In this temperature range no significant change of the ferromagnetic loops is detected. This implies that the ferromagnetism observed in h-BN nanosheets is generic. Most notably, these h-BN nanosheets should possess a high Curie temperature at least above 400 K, which is of significance for the practical applications of spintronic devices.
To understand the underlying physics of above measured ferromagnetism, let's analyze the sample's lattice. Figure 2(a) shows two representative X-ray diffraction (XRD) curves of the h-BN nanosheets where the XRD of h-BN bulk is given as well for a comparison. The diffraction peaks are well indexed to the hexagonal lattice BN (JCPDS file No. 85-1068). This implies that our prepared samples have the desired hexagonal structure. The (002) peak is the strongest one among these peaks, indicating that the growth of sample is along the c axis. However, in the h-BN nanosheets the (002) peak is slightly broadened compared with their bulk, which is due to the presence of slices and distorted edges. 43 More microscopic structure of h-BN nanosheets is performed by high-resolution transmission electron microscopy (HRTEM) and Cs-corrected TEM, where the water solution of samples are placed on the holey carbon grid in the measurements. Figure 2(b) shows the inner region of h-BN nanosheets at a large scale. The corresponding B-N bond length is determined to be 1.45 Å, in agreement with the known experimental value 44 (see the inset of Fig. 2(b) ). The thinnest region of h-BN nanosheets is close to 1-2 layers from the measurement of atomic force microscopy (AFM) (not shown). But, how h-BN nanosheets exhibit the intrinsic ferromagnetic coupling at room temperature is still not clear from present measurements. It should be noticed that the boundaries exist inevitably in h-BN nanosheets, which will contribute to ferromagnetism, as discussed below.
In order to reveal how magnetism occurs, an ab initio simulation is employed, as it is free of any empirical parameter at the atomic scale. However, to mimic the magnetic behavior in practical h-BN nanosheets is not an easy task as at least tens of thousands of atomic orbits are involved. For simplicity, we instead choose a piece of h-BN nanoribbons (h-BNNRs) (see Fig. 3 simulations, which is performed by a fully ab initio method (see also Sec. II). Although the weak van der Waals interaction plays a role in the stacking manner of h-BN, it has a negligible effect on magnetic property. This is because the unsaturated bonds at the edges are not connected to its neighbors, which is due to a large interlayer separation. We also shall show that our ab initio calculations as well as the Heisenberg model would seem to make possible the explanation of the ferromagnetic ordering in h-BN nanosheets/nanoribbons.
Based on the ab initio calculations, we display the optimized configuration of practical h-BNNRs, as illustrated in Fig. 3 . Our finding is very insightful. Practical h-BNNRs surprisingly generates a hexagonal-pentagonal ring transition at the armchair edges, which coincides with the previous reports. 45, 46 It is emphasized that this hexagonal-pentagonal ring transition is obtained through optimizing the configuration of h-BN nanosheet directly. A natural question is how does this transition happen? Our ab initio calculations reveal that the size effect of h-BN BNNRs plays the role in this transition process. As the ribbon's length is smaller than ∼3 nm, no obvious disordered pentagonal rings appear in our simulations. This explains why such a distortion is not predicted in other periodic or small systems. 33 Note that the h-BNNRs in Fig. 3 has the length of 7.2 nm and the width 1.58 nm, which is large enough to mimic our samples in experiments at the first-principles level. On the other hand, the pristine configuration remains unchanged at the neat zigzag edges.
Next, we will show that our above simulation is the direct manifestation of the experimental observation. Thus, a closer inspection of the boundaries is carried out by the Cscorrected TEM. Our observations match the theoretical predictions. The peculiar disorders did appear at the armchair edges, where the original hexagonal rings were changed into the disordered pentagonal ones, as shown in Fig. 4(a) . As the previous work reported in Ref. 14, the normal pentagon formation was excluded in BN systems because the direct B-B and N-N bonds are disfavored. However, in this work we report an alternative formation of pentagonal rings, which originates from the atomic distortions at the armchair edges. Conversely, the zigzag edge behaves a neat feature and the structural configuration remains unchanged (see Fig. 4(b) ). All these experimental observations agree well with the ab initio simulations, indicating our model used in this work is reliable.
The spin-polarized density is calculated via ρ spin = ρ ↑ − ρ ↓ with ↑ and ↓ being the spin up and down, respectively. It clearly shows that the magnetic moments are mainly localized at the zigzag edges, which is in a good agreement with the previous work. 33 The magnetic moments of corresponding B and N atoms are 0.90 and 0.83μ B , respectively. Their respective PDOS are displayed in Fig. 5 . It can be seen that the spin polarized states for the B zigzag edge (Fig. 5(a) ) appear just below the Fermi energy level. The s and p orbitals contribute a strong hybridization. This differs from that of N zigzag edges, as shown in Fig. 5(b) . Two localized states are spin-splitting near the Fermi level. One is just above the E F and the other is below the E F . In addition, the hybridization of s and p orbitals in these two localized states is very weak. Although those magnetic moments are due to the pres- ence of edge-localized π states close to the Fermi level, the detailed distributions of magnetic moments are also elementdependent: the magnetic moment localized on B atom seems to be a bulb, while that on N atom forms a general dumbbell shape. The bulb-like spin configuration implies that a stronger polarization exists among these edge B atoms, which makes the spin configuration far from the general p-orbital configuration. Intriguingly, the distorted armchair edges behave in relatively weak spin-polarized way (see Fig. 3 ). The B and N atoms in the four corners are also spin-polarized, which generates a maximum magnetic moment of about 0.2μ B . These unusual magnetic moments at the armchair edges are due to the charge redistribution, where the distorted edges play an important role.
To quantify the magnetic interactions, we assume that the energy differences between various magnetic configurations at edges are predominantly caused by the interactions between the B or N moments with spin S, which can be efficiently modeled by a Heisenberg model with the nearestneighbor coupling J as, H = J ij S i · S j , where ij denotes the summation over the nearest neighbors at the zigzag edges and S is the net spin of the edge states. Since hBNNRs are metals derived from semiconductors, this model may miss certain contributions from the itinerant electrons. However, we believe that it grasps the underlying physics on the magnetic orderings. From the calculated energies based on five different spin configurations at the zigzag edges (see Table I ), we find that for edge B atoms J = 11.6 meV, while for edge N atoms J = −86.3 meV. It is known that positive J means an antiferromagnetic coupling, while negative J is ferromagnetic. The magnetic couplings of edge states are indeed element-dependent. The detailed coupling mechanism is totally dominated by the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. 49, 50 The exchange interaction between the N edge atoms renders a ferromagnetic order, while an antiferromagnetic coupling is formed for the B edge atoms.
Since the antiferromagnetic coupling contributes no net magnetic moment, the ferromagnetic coupling at the N edge dominates the ground state of h-BNNRs (see also Fig. 3 ). This is the physical origin of room temperature ferromagnetism observed in our experiments. Just recently, new experiment reports the N-terminated zigzag edges in h-BN nanosheets is favorable energetically. 16 This is the direct support of ferromagnetic coupling in h-BN nanosheets. The obtained ferromagnetic exchange parameter J is much larger than that predicted in nitride semiconductors, 10 indicating that the nanostructured h-BN is favorable for promoting a long-range ferromagnetic coupling. The Curie temperature can be judged via k B T C ≈ 2 3 J with k B being the Boltzmann constant. 47 The corresponding estimated theoretical Curie temperature T C is ∼660 K. Indeed, the experimental value is at least above 400 K. Magnetic measurement under a higher temperature will improve this value. Future research can test this prediction directly. Recently, experimental indications of the importance of electron-electron interaction at edges have been reported in graphene nanoribbons. 48 Similarly, such electronelectron interaction in h-BNNRs should be crucial, which might provide the strong magnetic ordering as mentioned above. Thus, the h-BN nanosheets/nanoribbons will be the potential candidates for applications in spintronics because of its room temperature ferromagnetism.
IV. CONCLUSIONS
In conclusion, we have observed the room temperature ferromagnetism in h-BN nanosheets for the first time, and further clarify this finding based on ab initio calculations. It is suggested that the electron-electron interaction located at the edges induces the corresponding magnetic ordering. More importantly, the ferromagnetic ordering at the N-zigzag edges in h-BN nanosheets demonstrates an unexpected high Curie temperature well above room temperature. Our work is believed to provide a solid theoretical foundation for creating new routes in spintronics.
